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Routing of cyt050lically synthesized precursor proteins into chloroplasts is a specific 
process which involves a multitudc of soluhle and memhrane components. In this 
review we will focus on early events of the translocation pathway of nuclear coded 
plastidic precursor proteins and compare import routes fll[ polypeptides of the outer 
chloroplast envelope to that of internal chloroplast compartments. A numher of 
proteins housed in the chloroplast enYelopes have heen implied to ne involv'cd in the 
translocation process. but so far a certain function has not been a~signcd to any of 
these protems. The only exception could be an envelope localized hsc 70 homologue 
which could retain the import competence of Cl prccu"or protein in transit inlO the 
organelle. 
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Introduction 
The hiogenesis of plastids requires the coordinated syn-
thesis. transport and assemhly of polypeptides originat-
ing in the cytosol and those made hy the organelles 
themse Ives. Description and characterization of the 
translocation and sorting pathways of nuclear coded 
precursor proteins destined for the chloroplast have 
heen attractive targets for research in recent years (for 
reviews see: Chua and Schmidt 1979. Schmidt and 
Mishkind 1986. Lubben et aL 1988. Mishkind and Scioli 
1988. Keegstra et al. 1989. Smeekens et aL 1?90. de 
Boer and Weisheek 1992). The general characteristics 
of this process are: (I) Polypeptides are synthesized in 
the cytosol with an N-terminal transit peptide which is 
responsible for routing to the proper organelle (Dob-
berstein et al. 1977). (2) The N-terminal chloroplast 
directing targeting sequences have some features in 
common. e.g .. high content of serine and threonine. an 
uncharged N-terminal region within an overall posi-
tively charged transit sequence and primary and second-
ary motifs next to the cleavage site (Karlin-Neumann 
and Tobin 1986. Smeekens et al. 1986. von Heijne et aL 
1989. Bartling et al. 1990. von Heijne and Nishikawa 
1991). In case the precursor protein is directed to the 
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thylakoid lumen the transit peptide contains in its C-
terminal part a thylakoid transfer domain (Smeekens et 
al. 1986). with properties similar to signal sequences 
(Smeekens and Weisbeek 1988. Bassham et aL 1991). 
The general framework is however less pronounced 
than for mitochondrial targeting sequences (Hartl et aL 
1989). (3) Import is initiated by binding of the chln-
roplast targeting domain to proteinaceous recertors lo-
calized on the surface of the organelle fol!owed by 
translocation through the outer and inner envelope 
membranes (Cline et al. FIR5). In some instances. rc-
gions in the mature protein have been suggested to be 
important for efficient translocation in addition to a 
functional transit sequence (Kuntz et aL 1986. Wass-
mann et aL 19R6), (4) ATP hydrolysis is required at two 
stages during this process (see below). while a mem-
brane potential. which is necessary for protein trans-
location across the mitochondrial membranes. is not 
required (Grossmann et aL 19R(). Fliigge and Hinz 19i!6. 
Pain and Blobel 1987. Schindler et al. 1987. Hartl et al. 
1989). A proton motive force. in many cases in combi-
nation with ATP hydrolysis. however. is required for 
the insertion and translocation of proteins into and 
across the thylakoid membranes (Cline et al. 19i!9. 
1992. Mould and Robinson 1991. Klosgen et aL 1992). 
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(5) Inside the organelle the precursor protein is sub-
jected to a maturation event by a stromal processing 
peptidase (Smith and ElIis 1979) followed by folding 
and assembly in its proper subcompartment (for details 
see Bartling et al. I 99(), Smeekens et al. 199(), de Boer 
and Weisbeek 1992 and references therein). Final fold-
ing is most likely retarded until the polypeptide reaches 
its final destination. In case of composed, bipartite tran-
sit sequences, e.g .. plastocyanin. a second proteolytic 
maturation event by a thylakoid processing peptidase 
leads to the final mature polypeptide (Smeekens et al. 
19S6, Kirwin et a!. 19S7). 
Due to the excellent and general reviews on protein 
translocation into chloroplasts (for references see 
above) and the scope of this review. we will focus here 
on topics which have emerged very recently or have 
been neglected earlier. i.e .. what is known about the 
envelope localized import machinery. the mechanism of 
translocation and the conformation of the precursor 
protein prior to and during passage through the enve-
lope. We shall compare the translocation route of pro-
teins localized in the stroma or thylakoids to those des-
tined for the outer and inner envelope of plastids. The 
involvement of molecular chaperones such as hsc 70 
homologues or SecA, cpn60. cpnW in chloroplasts and 
other import systems has also been demonstrated and is 
reviewed in Lubben et al. (1989). ElIis (1990). Neupert 
et al. (1990). Landry and Gierasch (1991). 
Abbret'iarioll\ - pFd. precllrsor form of ferredoxin; pLHCP. 
precursor of the chlorophyll a/h binding protein; ppc. pre-
cursor form of plastocyanine; pSSU. precursor form of the 
small sununit of Runisco. 
Protein structure compatible with translocation 
Protein import into chloroplasts or mitochondria is a 
posttranslational event. The completed polypeptide 
chains are released from the ribosomes prior to the 
translocation process. It is therefore likely that the poly-
peptide, fold into a certain tertiary and globular struc-
ture before translocation is initiated. Yet it is unlikely 
that a large globular macromolecule is able to penetrate 
a membrane in a specific and ordered fashion. In vivo 
cytosolic factors should be present to retard the folding 
process and keep the precursor protein in a conforma-
tion compatible with translocation. Experimental evi-
dence that tightly folded proteins are imported into 
chloroplasts only at very low rates even in their pre-
cursor form came from dell a Cioppa and Kishore 
(l9S8). The precursor of 5-enolpyruvylshikimate-3-
phosphate synthase. synthesized by in vitro-transcrip-
tion-translation. was allowed to form a tightly folded 
ternary complex in the presence of shikimate-3-phos-
phate and the herbicide glyphosate. This regime re-
sulted in a strong decrease of translocated protein. The 
presence of both of these su bstrates in an import reac-
tion containing different precursor proteins e.g. pSSU 
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(precursor form of the small subunit of ribulose-1.5-
bisphosphate carboxylase-oxygenase. Rubisco) was 
without influence on the translocation efficiency. These 
data indicate that a tightly folded polypeptide which is 
"arrested" in its conformation can not be converted by 
the translocation machinery into a form which is pro-
ductively imported. Similar results had heen obtained 
earlier for mitochondrial protein translocation (Eikrs 
and Schatz 1986: for a review see Hartl et al. 19Ki)}. 
Further evidence that an unfolded or loosely folded 
polypeptide conformation favours protein translocation 
into chloroplasts comes from studies using purified pre-
cursor proteins, which are overexpressed in Escherichia 
coli cells. The purified precursor form of ferredoxin 
(pFd) is efficiently imported into chloroplasts. if it is 
denatured (unfolded) in 6 M urea prior to the translo-
cation assay (Pilon et al. 1990). The purified precursor 
of the chlorophyll alb binding protein (pLHCP) on the 
other hand seems to require cytosolic factors present in 
pea leaf extract (Waegemann et a!. 1 ()gO) or in reticu-
locyte lysate (Abad et al. 1991) for efficient transloca-
tion after denaturation and unfolding in 11 M urea. In 
addition. urea denatured precursor molecules incubated 
in the presence of soluble proteins showed a prolonged 
and drastically increased protease sensitivity in compar-
ison to precursor molecules which were only denatured 
by urea (Waegemann et a!. 1990). This is probably due 
to a retardation in the folding process mediated hy 
proteinaceous cytosolic constituents. Purified hsc 70 
was also able to support the translocation of urea dena-
tured pLHCP. indicating the involvement of molecular 
chaperones of the hsc 70 family in this process (Waege-
mann et al. 1990). It remains to be established how the 
different in vitro results reflect the in vivo situation. 
Binding of precursor proteins to receptors on the 
organellar surface 
Protease treatment of intact organe lies or right -side-out 
envelope vesicles abolishes binding of precursor polv-
peptides (Cline et al. 191;5, Waegemann et al. \i)l)2}. 
Most likely, proteinaceous receptors are responsible for 
precursor recognition. Each chloroplast possesses about 
1 5()(~3 5()() binding sites for pSSU (Friedman and Keeg-
stra 191;9). The binding constant for pSSU to its import 
receptor was determined to be around 10 nM. Protease 
treatment destroys these specific binding sites. but not 
low affinity binding components. which could be medi-
ated by other constituents of the import machinery 
(Friedman and Keegstra 1989). Transfer of the SSU 
precursor from a protease sensitive site on the chlo-
roplast surface. e.g .. receptor bound to the transloca-
tion machinery is inhibited by treatment of the intact 
organelle with phospholipase C (Kerber and Soil 1992). 
The competence of the receptor to interact with the 
import machinery could be altered by the hydrolysis of 
phosphatidylcholine (Fig. I). 
In attempts to characterize the binding process and to 
Fig. I. Hypothetical overview of events leading to the postlranslational import of proteins into chloroplasb. Numb"" indicate 
arbitrary steps in this process c.g. (I) retention of import competent conformation by hsc 711 homologues and putative cyt'N'lic 
factors (cF): (2) hinding to an outer envelope (DE) localized receptoT protein (R): (3) transfer of the precursor from the rcccptor 
site into the protein import maChinery (PIM): (4) translocation through the envelope membranes hy PIM formed of outer 
envelope proteins (OEP) and inner envelope proteins (IEP). Intermembrane space factors (!SF) might be required for a 
productive translocation cycle. 
determine whether different receptor populations are 
involved in the import pathway, chemically synthesized 
peptides were used. In generaL peptides of 20-30 amino 
acid length, which were homologous to parts of the 
chloroplast transit sequence. were applied and shown to 
influence the import reaction at different stages (Buy-
inger et a!. 1989. Perry et a1. 1991. Schne!l et a1. 1991). 
Peptides corresponding 10 the N- or C-terminal portion 
of the transit sequences of pSSU. pLHCP. pFd and pPC 
(precursor form of plastocyanine) seemed to inhihit the 
import pathway at a step after the receptor binding 
event (Buvinger et a1. 1989, Perry et al. 1991). How-
ever. peptides that contained amino acid sequences cor-
responding to the central part of the transit peptide 
seemed to influence directly the binding event of the 
precursor protein to the receptor polypeptide (Perry et 
a!. 1991. Schnell et a1. 1991). So far these experiments 
indicate a common reeeptor for most of the bulk protein 
import or at least for the precursor proteins' listed 
above. which represent major chloroplast constituents 
of different localization. Though the influence of the 
synthetic peptides on the import pathway seems to be 
specific, it is not known whether these individual do-
mains, as represented by the single peptides, can fold 
into a criticaL productive conformation. as the entire 
transit peptide normally does, to interact with single 
components of the envelope import apparatus. This 
might be one reason for the rather high peptide concen-
trations (2-40 fLM) needed for 50% import inhibition of 
authentic precursor polypeptides. The use of purified, 
authentic precursor proteins seems to overcome these 
problems. A 10 to lOO fold more efficient competition 
between the precursor forms of PC, SSU and Fd was 
Phy~iul. Plmll. ~7, )WJ 
demonstrated by de Boer (A. D. de Boer 1991. Thesis, 
Univ. of Utrecht. The Netherlands). 
Energy requirement of the import event 
ATP hydrolysis is required at least at two distinct steps 
during the import pathway (Fig. 1), while a memhrane 
potential plays no role (Grossmann et a!. 19HO). Higher 
concentrations of ATP are required for complete trans-
location into the stroma (> 200 !lM) (Flugge and Hinz 
1986, Pain and Blobel 1987. Schindler et a!. 19117. Theg 
et a!. 1989). ATP necessary for translocation seems to 
be hydrolyzed in the stroma or at the inner leaflet of the 
inner envelope membrane. Lower ATP concentrations 
(1-100 !lM) are needed for binding of the precursor to 
the receptor in isolated organelles and right-side-out 
envelope vesicles (Olsen et a!. 1989. Waegemann and 
Soll 1991, Olsen and Keegstra 1992). The components 
which hydrolyze the ATP during the hinding phasc of 
the precursor to the outer envelope membrane surface 
have not yet been identified. It also remains to he 
established, whether they are envelope or cytosolic 
polypeptide constituents. Only a few explanations are 
suggested here for the possible function of this ATP 
hydrolysing step: (1) the ATP dependent phosphoryla-
tion of a 51 kDa outer envelope protein. which could he 
a component of the transport apparatus, is increased 
about 3-fold upon precursor binding (Hinz and Flugge 
1988, see also below); (2) hydrolysis of ATP by molec-
ular chaperones, in this case cytosolic hsc 7(), favours 
the dissociation or release of the precursor from hsc 70 
(Pelham 1986) and could be required at the cytosol-
organelle interface to allow productive interaction with 
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the receptor; (3) hydrolysis of ATP by components of 
the intermembrane space or the inner leaflet of the 
outer membrane might be necessary for a functional 
protein import apparatus via protein phosphorylation 
(Fig. I) (Olsen and Keegstra 1992). Chloroplast-pSSU 
interaction under low ATP (10 [!M) concentration. 
which does not support import. is not halted at the 
receplor slage, but the precursor is able to move into 
the import apparatus where it is partially protected 
against protease (Waegemann and Soli 1991). 
Identification of single members of the chloroplast 
protein translocation machinery 
A number of different approaches, e.g. chemical cross-
linking, phosphorylation. antiidiotypic antibodies and 
isolation of membrane complexes have been applied to 
identify polypeptides involved in the translocation pro-
cess. (I) Cornwell and Keegstra (1987) identified a ma-
jor crosslink product of 66 kDa after incubation of 
intact chloroplasts with pSSU. minor crosslink products 
were of 25. 57 and 80 kDa. Using a similar approach 
Kaderbhai et al. (1988) obtained a crosslink product of 
52 kDa identified as the large subunit of Rubisco and a 
cross I ink product localized in the inner envelope mem-
brane protein of 30 kDa. (The molecular mass data 
mentioned above are estimates after subtraction of the 
molecular mass of the cross linked precursor). (2) Upon 
precursor binding to spinach chloroplasts a specific in-
crease in the ATP dependent phosphorylation status of 
a protease sensitive outer envelope protein of 51 kDa 
was observed. suggesting its involvement in the import. 
process (Hinz and Fliigge 1988). (3) An antibody was 
raised against a transit peptide specific antibody. which 
was shown to inhibit import (Pain et al. 1988). The 
antiidiotypic antibodies. which are supposed to mimic 
the binding properties of the transit peptide. in this case 
those of pSSU. recognized protease-sensitive polypep-
tides on the surface of intact chloroplasts as demon-
strated by immunfluorescence microscopy and as would 
be expected for a receptor protein. In immunoblot anal-
ysis the antiidiotypic antibodies labelled primarily the 
large subunit of Rubisco and a 30 kDa protein which 
was subsequently shown to be the major polypeptide 
constituent of envelope membranes (see also loyard et 
al. 1(91). The full length cDNA clone of the 30 kDa 
receptor protein was found to be identical to the 30 kDa 
phosphate-translocator protein from pea (Fliigge and 
Heldt 1981. Fliigge et al. 1989. Schnell et al. 1990. 
Willey et a!. 1991). The conflicting studies provoke a 
number of questions: (1) The chloroplast outer enve-
lope contains about 3 ()()() protease-sensitive precursor 
binding sites which represent maximally 0.3% of the 
total envelope protein (Friedman and Keegstra 1989, 
Joyard et a!. 1991). while the major envelope protein at 
30 kDa, represents 10-15% of the total envelope pro-
tein (loyard et al. 1983. Cline et al. 1984). (2) Import 
studies demonstrate that translocation of the in vitro 
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translation product of the cDNA clone for the 30 kDa 
protein from pea and spinach occurs into a proteasc-
insensitive localization in the envelope memhranes 
(Fliigge et a!. 1989, Willey et a!. 1991). (3) Thc phos-
phate translocator activity and the protein import effi-
ciency is largely diminished by incubating the chloro-
plas!s with 4,4' -diisothiocyanostilbene-2 .2' -disulphonic 
acid. While the phosphate transport activity can he pro-
tected from this inhibition by a pretreatment of the 
chloroplasts with pyridoxal phosphate. this regime is in-
effective in shielding the protein import activity (FI ugge 
et a!. 1991), suggesting that these two activities reside in 
two different polypeptides. (4) Outer envelope mem-
branes from pea chloroplasts are isolated as right-side-
out membrane vesicles (Waegemann et a!. 1992) and 
bind pSSU in an ATP. receptor and transit peptide 
dependent manner (Waegemann and Solll'!91. Soli and 
Waegemann 1992). This membrane population can be 
used as a bona fide system to study early events in the 
import pathways. e.g. binding of precursor proteins. 
Outer envelope membranes which exhibit this specific 
interaction with pSSU do not contain immunreactive 
material to antibodies against the 30 kDa protein (phos-
phate translocator). while binding of precursor protcins 
to the inner membrane which contains all of the 30 kD,l 
protein is only 20% compared to outer membranes 
(Fliigge et a!. 1991). Interestingly. Mom 3X, a part of 
the integral mitochondrial import apparatus. shares 
some homology with the mitochondrial phosphate-
translocator (Kiebler et al. 1990). 
Outer envelope vesicles not only bind specificallv 
pSSU but the precursor is partially inserted into the 
membrane-embedded translocation machinery as can 
be deduced from identical translocation intermediates 
observed in the organellar and the isolated membrane 
import system (Waegemann and Soli 19'! I). A pSS U-
containing membrane complex was isolated after solu-
bilization of pSSU-loaded outer envelope membrane 
vesicles by sucrose density centrifugation. This fraction 
consists of about 10 outer envelope polypeptides, iden-
tified either hy molecular mass or immunological meth-
ods (86. 75. 72, 64. 54. 52_ 42, 34 kDa and minor 
components) (Waegemann and Soli 1991. Soli and Wae-
gemann 1992). 
In a variation of the procedure. Soli and Waegemann 
(1992) were able to isolate large parts of the trans-
location apparatus as a functional active unit. The inter-
action of this import complex with the precursor protein 
depended strictly on the conditions outlined in Tab. I. 
Protease-protected translocation intermediates were 
identical to those detected in chloroplasts. A possible 
explanation for this finding is that the precursor protein 
is not only interacting with the surface of the complex 
but passes through a pore formed by the import appara-
tus where it is partially protected by protease (Fig. I). 
Outer envelope membranes and the isolated import 
complex do contain an hsc 70 homologue (Marshall et 
al. 1990, Waegemann and Soli 1991), which could play a 
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Tao. I. General characteristics of protein translocat.on into 
chloroplaSls from higher plants. 
Import 
charm:teristics 
Precursor 
ATP depcndcnt 
Rcceptor dependent 
(protease sensitive) 
Cleavahle N-tcrminal 
transit peptide 
Chloroplast compartment 
Inner envelope, Outer envelope 
stroma, thylakoids 
p30kDa OEP 7 
pSSU OEP 14 
pLHCP 
Yes No 
Yes No 
Yes No 
role in the translocation mechanism. Von Heijne and 
Nishikawa (l991) propose that chloroplast transit pep-
tides form a perfect random coil, which would require 
guidance by molecular chaperones during their passage 
through the import apparatus. Antibodies against hsc 70 
are abic to coimmunoprecipi tate the pSSU precursor 
protein after solubilisation of the import complex. dem-
onstrating the close interaction between chaperone and 
precursor at this stage (Waegemann and Soil 1991). 
Even Ihough the definite polypeptide composition of 
the import complex as weil as the involvement and 
function of its polypeptide constituents in the trans-
location event still have to be established. isolation of a 
funct ional import complex might result in a better un-
derstanding of the translocation mechanism. 
Protein translocation into the inner chloroplast 
envelope 
So far only two inner envelope proteins have been 
cloned and their import behaviour has been analysed. 
Import features which they share with proteins destined 
for the internal plastidal compartments are (I) ATP-
dependent import: (2) protease-sensitive components 
on the organellar surface are necessary for recognition: 
(3) a cleavable transit peptide (Fliigge et al. 1989, 
Dreses-Werringloer et al. 1991). However, the' transit-
peptides are unusua 1 in the respect that they exhibit the 
potential to form an amphiphilic a-helix (Willey et al. 
19<)1). a feature thought to be characteristic for mi-
tochondrial targeting signals, The phosphate transloca-
tor contains a charged N-terminal sequence in its transit 
peptide and is rich in Arg and has a lower percentage of 
Ser and Thr. The C-terminal part of the transit se-
quence seems not to contain a p-strand domain (Willey 
et al. 1991), typical for chloroplast proteins of the 
stroma and thylakoids (von Heijne et al. 1989), The 
p-strand domain. present in e.g. pSSU, was suggested 
to serve as an envelope transfer domain that directs 
proteins into the stroma (Dreses-Werringloer et al. 
1<)91). Even from these few examples it becomes evi-
dent that certain details of the precursor polypeptide 
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structure and maybe also of the import pathway could 
be significantly distinct between stromal or thylakoid 
proteins and envelope proteins, respectively: however. 
more examples have to be studied to obtain conclusive 
evidence. 
Protein translocation into the outer chloroplast 
envelope 
Translocation (insertion) of outer envelope proteins 
studied until now is very distinct from import of those 
destined for inner plastid compartments. Two proteins 
from either spinach (Salomon ct al. 1<)90) or pea (Li et 
al. 1991) have been cloned and their translocation stud-
ied. The two polypeptides do not contain a cleavable 
targeting peptide, nor do they require prolease sensitive 
components on the organellar surface for translocation: 
furthermore, integration into the outer membrane is 
independent of ATP (Tab. I). So far. the translocation 
mechanism and envelope components responsible for 
recognition and insertion of these outer membrane pro-
teins have not been further analysed. 
Development of the import apparatus 
Different types of plastids have been demonstrated 10 
be competent for precursor protein uptake. ewn if 
these proteins are not present at the special differentia-
tion stage. e.g. etioplasts (Schindler and Soil I YS6), 
leucoplasts (Halpin et al. 1989). amyloplasts (Strzalka 
et al. 1987). proplastids (Dahlin and Cline \991). In 
general pSSU and pLHCP import was studied. Interest-
ingly Dah lin and Clinc (1991), found that import capa-
bility declines as etioplasts and chloroplasts reach thcir 
fully mature form. How this down regulation is ac-
complished remains unclear. Mature etioplasts could be 
reactivated to high import efficiency by the exposure to 
light. A 4000/0 increase of precursor protein uptake was 
found after 5-7 h of continuous light. The increase 
might be due to a de novo synthesis of constituents of 
the import apparatus (Dahlin and Clinc 19,!1): how-
ever, different regulatory or developmental processes 
are also likely to be involved. 
Sorting of precursor proteins betw~n chloroplasts and 
plant mitochondria 
Conflicting reports have been published concerning thc 
specificity of precursor protein sorting between plant 
mitochondria and chloroplasts, Hurl et al. (1986) used a 
fusion protein consisting of the transit peptide of the 
small subunit of Rubisco from the green alga Chlamy-
domonas reinhardtii and the mature protein of cyto-
chrome oxidase subunit TV. This protein was shown to 
direct the protein into yeast mitochondria and indicated 
a low specificity of chloroplast transit peptides. A recent 
report by Franzen et a1. (1990) demonstrates that chlo-
roplast transit peptides from Chlamydomonas reinhard-
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tii share features common with both mitochondrial and 
higher plant chloroplast presequences. Their potential 
to form an amphiphilic a-helix, which is a general char-
acteristic for mitochondrial presequences, might have 
resulted in mistargeting (Hurt et al. 1986). A yeast 
mitochondrial transit peptide can also function in trans-
genic plants as a dual targeting signal for chloroplasts 
and mitochondria (Huang et al. 1990). This hetero-
logous system again suggested a low sorting specificity. 
In contrast Eoutry et at. (1987) and Schmidt and 
Lonsdale (1989) found no misrouting of a mitochondrial 
hybrid precursor protein into chloroplasts in a homolo-
gous assay system. The sorting was studied in transgenic 
tobacco plants using a transit peptide for the tJ-subunit 
of the mitochondrial ATPase from tobacco and either 
chloramphenicol acetyltransferase or tJ-glucoronidase 
as reporter gene product. The specificity of the sorting 
process is further supported by in vitro studies (Whelan 
et at. 1990). Again a homologous higher plant system 
was used. studying routing of the f:l-subunit of the mi-
tochondrial ATPase from tobacco and the precursor of 
the 33 kDa protein of the photosynthetic water splitting 
complex into isolated plant mitochondria and chloro-
plasts, respectively. No misrouting was observed and 
the results suggest a high organellar specificity in plant 
cells for the recognition and processing (Whelan et al. 
19.91) of the cytoplasmically synthesized precursor pro-
tems. In conclusion, routing seems to be very specific if 
a proper experimental system is used; mistargeting is 
not likely to occur in vivo to any significant extent. 
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